in controls and female OHM, while function in male OHM remained unchanged. Conclusions: Adult male OHM demonstrate programmed cardiac dysfunction. Given the growing number of pregnancies complicated by hyperglycemia, additional assessment of cardiac function of adults born to diabetic mothers may be warranted.
Introduction
Maternal hyperglycemia results in an adverse intrauterine environment for the developing fetus. There is growing evidence that exposure to hyperglycemia in utero not only has short-term consequences, but long-term sequelae which include cardiovascular disease and metabolic syndrome [1] [2] [3] . This is consistent with the concept of fetal or developmental programming initially described by Barker et al. [4, 5] whereby the intrauterine environment impacts the adult phenotype.
Defining the long-term effects of in utero hyperglycemia exposure and their mechanisms has significant public health implications. The ongoing obesity epidemic is resulting in an increasing number of pregnancies in whom mothers are entering pregnancy with glucose intolerance or developing gestational diabetes. The past 8 years has seen more than a doubling in the number of pregnant women with hyperglycemia [6] , such that 5-8% of pregnancies in the USA and Europe and 15-20% in the developing world are complicated by diabetes [3] .
Evidence that maternal hyperglycemia results in adult disease in the offspring was initially suggested by studies of the Pima Indians [7] . The Pima Indian population in Arizona has the highest prevalence of type II diabetes mellitus among children and adults [8, 9] . Elegant epidemiologic studies by Dabelea et al. [1] demonstrated that the primary source of the increase in prevalence of diabetes among the children was being born to a mother with diabetes. The offspring of diabetic mothers also have an increased risk for obesity, hypertension and dyslipidemia [9, 10] .
Animal models to study the developmental programming effects of in utero exposure to hyperglycemia have been described and have allowed long-term cardiovascular sequelae and their mechanisms to begin to be defined. Using rat models of severe maternal diabetes, investigators found that adult offspring of hyperglycemic mothers (OHM) have endothelial dysfunction of mesenteric arteries [11, 12] . Our laboratory has recently developed a rat model of hyperglycemia during the last third of gestation [13] . Using this model, we found that animals in the neonatal period had a hypertrophic cardiomyopathy similar to that found in human offspring of diabetic mothers [14] . Importantly, the adult animals of the hyperglycemic mothers demonstrated gender-specific endothelial dysfunction and insulin resistance [13] . The goal of the current study was to further characterize cardiac function in adult offspring of late-gestation hyperglycemic mothers. We hypothesized that hearts from adult OHM would have cardiac dysfunction in vivo and be more susceptible to an ischemia-reperfusion insult.
Materials and Methods

Rat Model of Late-Gestation Hyperglycemia
Animal experiments were approved by the Institutional Animal Care and Use Committee of the University of Iowa and followed the Guide for the Care and Use of Laboratory Animals . The model of late-gestation maternal hyperglycemia has been described [13] . Briefly, timed pregnant Sprague-Dawley rats (Charles River Laboratories, Wilmington, Mass., USA) were injected with 50 mg/kg streptozotocin (STZ) intraperitoneally on day 12 of gestation. Serum glucose levels were monitored (LifeScan One Touch Ultra Blood Glucose Monitoring System, LifeScan Inc., Milpitas, Calif., USA) twice daily by sampling from tail-nicking. Insulin was given twice daily based on a sliding scale in order to maintain hyperglycemia between 200-400 mg/dl. Subcutaneous regular insulin (Humulin; Eli Lilly and Co., Indianapolis, Ind., USA) was given for the morning dose (1-3 units) and insulin-glargine (Lantus; Sanofi-Aventis, Bridgewater, N.J., USA) for the evening dose (1-3 units). Control pregnant rats were given the identical volume of citrate buffer without STZ, had serum glucose monitored twice daily and were given twice daily saline injections. Both OHM and control animals were allowed to deliver normally. All pups were cross-fostered to nondiabetic postpartum dams.
Echocardiography
In vivo echocardiography was performed by placing the rats in an induction chamber and achieving anesthesia with 2-3% isoflurane by a single investigator (B.E.R.), who was blinded as to whether the animals were from control or hyperglycemic mothers. After loss of the righting reflex, animals were placed on a warming platform and an appropriately sized nose cone was placed over the animal's nose. Anesthesia was maintained using 0.5-1% isoflurane. Temperature was monitored with a rectal thermometer and maintained between 35 ° C and 36 ° C. Echocardiograms were performed using a Phillips Sonos 5500 with a 7.5-MHz phased array transducer. Parasternal long axis, parasternal short axis, and apical four-chamber views were obtained in all animals. Pulsed wave Doppler recordings were made across the mitral valve when the Doppler sample volume was felt to be parallel to flow. Doppler tracings that were more than 20° from parallel were not used for data analysis. M-mode recordings were obtained of the right and left ventricles in the parasternal short axis view at the level of the left ventricular papillary muscles. Measurements were made of Doppler waveforms across the mitral valve to obtain the E and A wave peak velocities from which the E/A ratio was then calculated. Measurements were made of the interventricular septum in diastole, left ventricular internal dimension in diastole, left ventricular internal dimension in systole, and left ventricular posterior wall in diastole. These measurements were then used to calculate the left ventricular fractional shortening. Calculations were made using software (Xcelera) incorporated in the ultrasound machine. Measurements were made in accordance with the American Society for Echocardiography Guidelines [15] . For the echo studies, the number of animals in each group was: male control = 6, male OHM = 9, female control = 7, and female OHM = 7.
Langendorff Heart Preparation At 8-10 months of age, rats used for the echo studies and additional animals were weighed, heparinized intraperitoneally (1,400 U/kg) and anesthetized with inhaled isoflurane, and then given an intraperitoneal injection of ketamine (50 mg/kg)/xylazine (5 mg/kg). Hearts were rapidly removed and placed in icecold normal saline. The aorta was identified and cannulated and the coronaries perfused in the Langendorff mode at a constant pressure of 100 cm of water. In each case, retrograde perfusion of the hearts was established within 60 s following removal of the heart from the animal. The perfusion medium was KrebsHenseleit buffer composed of (in m M ) 111 NaCl, 4.8 KCl, 1.5 CaCl 2 , 1.2 MgSO 4 , and 1.2 NaH 2 PO 4 , 1.2 NaHCO 3 , 5 Glucose, 5 Lactate (pH 7.4) equilibrated with 95% oxygen/5% carbon dioxide at 37° C. A water-filled latex balloon was inserted into the left ventricle (LV) via an opening in the left atrium. Left ventricular pressure, heart rate and coronary perfusion rate were simultaneously recorded using a PowerLab 4/30 (ADInstruments Inc., Colorado Springs, Colo., USA) for later analysis.
The spontaneously beating heart was allowed to equilibrate for 15 min before initiating data collection for the baseline period.
Hearts were then made ischemic by decreasing coronary flow to zero and maintained normothermic by placing them in a warmed buffer bath during the period of ischemia (normothermic ischemia). After 30 min of ischemia, coronary perfusion was restored and data collected at 1 h and 2.5 h after reperfusion. At each time point (baseline, 1 h after reperfusion, and 2.5 h after reperfusion), data were collected at three different preloads for 5 min with 5 min of equilibration between measurements. The left ventricular balloon volume was initially set at a 0-mm Hg preload and increased by 20 l for preload 2 and by an additional 20 l for preload 3. At the end of the experiment, the atria were excised from the hearts and the ventricles were weighed whole. The right ventricular free wall was removed and weighed, and the remaining LV including the septum was weighed. The number of animals in each group was: male control = 6 (from 4 litters), male OHM = 9 (from 4 litters), female control = 9 (from 3 litters), female OHM = 8 (from 5 litters).
Left ventricular pressure was monitored by the latex balloon in the LV attached to a pressure transducer. Left ventricular developed pressure was defined as the difference between the left ventricular systolic and diastolic pressures. Cardiac performance was assessed using the rate pressure product (RPP; heart rate ! left ventricular developed pressure). Left ventricular compliance was calculated at baseline from the difference in balloon volume between preload 3 and preload 1 (40 l) divided by the difference in left ventricular diastolic pressure between preload 3 and preload 1. Coronary flow was monitored from a flow transducer in line with the aortic cannula. Maximum and minimum change in pressure over time (max. dP/dT and min. dP/dT, respectively) were calculated utilizing the Chart5 software (ADInstruments Inc.).
Statistics
Data are expressed as means 8 standard error of the mean. Statistical evaluation for hemodynamic variables and morphometric variables was carried out by a two-tailed Student's t test or ANOVA. If ANOVA identified significant differences, pairwise comparisons were made using the Tukey test. p ! 0.05 was defined as significant. Genders were analyzed separately.
Results
Echocardiography
Animals initially studied with echocardiography were allowed to recover for at least 3 days prior to undergoing heart perfusion experiments. Assessment of LV function in vivo was performed using echocardiography ( table 1 ). All animals were sedated to a similar level of anesthesia based on heart rate. The dimension of the LV during systole (LVDs) was significantly greater in the male controls compared to the other groups. For the male control and OHM animals, a similar LV diastolic dimension (LVDd) was found. Therefore, a significant increase in the calcu- I VSd = Interventricular septum measure in diastole; PWd = posterior wall measured in diastole; FS = fractional shortening of the left ventricle; HR = heart rate during the echo procedure. * p < 0.05 vs. male controls; † p < 0.05 vs. male OHM. H R = Heart rate; BW = body weight; HW = heart weight; LV = left ventricle; RV = right ventricle. * p < 0.05 vs. male controls; † p < 0.05 vs. male OHM. lated fractional shortening [(LVDd -LVDs)/LVDd] for the male OHM compared to male controls was observed, indicating enhanced systolic function in the male OHM hearts in vivo. Diastolic function of the LV, as measured by the E/A ratio, was significantly decreased in male OHM compared to male controls ( table 2 ) . No differences in echocardiographic measurements between female OHM and female controls were found. When comparing differences between genders, the LV dimensions of the female hearts tended to be less than the males (consistent with their smaller size).
Isolated Perfused Heart Studies
Heart rate (during isolated heart perfusion) and morphometric parameters (obtained after perfusion) are summarized in table 2 . There were no differences in heart rate across all groups. The differences between groups that were identified for the morphometric measures were found only between genders. The body weight and heart weight of control and OHM female rats were significantly less compared with both groups of male animals. Hearts from female OHM animals had a greater ratio of heart weight to body weight than the hearts from male OHM. Both the left ventricular/body weight and right ventricular/body weight ratios in the female OHM were increased compared to male OHM. The relative ratio of ventricular weight (left ventricular/right ventricular) was not different among any of the groups.
RPP, Maximum dP/dT, Minimum dP/dT
Starling effects due to greater myocyte stretch were readily assessed in the isolated perfused hearts. Increasing the preload in all four groups of hearts during the baseline perfusion was found to significantly increase the RPP, maximum dP/dT and minimum dP/dT, indicating that the hearts were well provided with substrates and responding appropriately to physiologic loads ( fig. 1 ) .
At baseline, male OHM hearts were found to have a significantly decreased RPP compared to male controls ( fig. 1 ) . Maximum dP/dT and minimum dP/dT were also significantly decreased compared to male controls when examined under preload 2 conditions ( fig. 1 ) .
After ischemia-reperfusion, there was a decrease in the function of the male control hearts that resulted in the male OHM and male controls no longer demonstrating a significant difference in their RPP, maximum dP/dT or minimum dP/dT at all preloads studied ( fig. 2 , 1 h after ischemia and 2.5 h after ischemia time points)
Female OHM had no difference in calculated RPP, maximum dP/dT or minimum dP/dT compared to female controls at baseline and after ischemia-reperfusion injury. Similar to male controls, both female controls and female OHM demonstrated a significant decline in function at 1 and 2.5 h after ischemia ( fig. 2 ) .
Cardiac Compliance
At baseline, the compliance of the LV of the male OHM hearts was significantly decreased compared to male control hearts, suggesting increased stiffness of the LV in the OHM hearts ( fig. 3 ) . The compliance of the ventricle was 0.21 8 0.01 l/mm Hg in male OHM versus 0.27 8 0.02 l/mm Hg in male control animals. This reflects a significantly greater change in left ventricular pressure with male OHM hearts compared to male con- 
Discussion
This study demonstrated that exposure to a hyperglycemic in utero environment results in changes in cardiac function that persist into adulthood. Specifically, we found that compared to male controls, adult male OHM had diminished left ventricular diastolic function in vivo and in the perfused heart along with an increased sensitivity to a brief ischemia-reperfusion insult (the time from heart excision to cannulation on Langendorff).
The alterations in cardiac function in the adult male OHM are similar to those found in the neonatal period in human offspring of diabetic mothers. In human newborns, OHM were found to have echocardiographic evidence of diastolic dysfunction compared to normal neonates [16, 17] . No study, to our knowledge, has followed these offspring into adulthood to determine if the diastolic dysfunction persists. In addition, we observed that the male OHM had an increased shortening fraction compared to control male offspring despite similar heart rates during echocardiographic imaging. The increased shortening fraction was the result of a decreased left ventricular end systolic volume, suggesting that the cardiac Ventricular function following an ischemic insult. Isolated working hearts were subjected to a 30-min ischemic insult followed by reperfusion. Functional measurements including the RPP and maximum positive and negative change in pressure as a function of time (max. dP/dT and min. dP/dT, respectively) were measured at 1 h and 2.5 h after reperfusion at three different preloads. Measurements were made in four groups of animals (male control, male OHM, female control, female OHM). * p ! 0.05 for male OHM vs. male control.
contractility of the male OHM hearts was increased in vivo. This may reflect altered sensitivity to neurohormonal factors that directly impact contractility, such as calcium cycling, which would be independent of chronotropic effects on the heart. Despite enhanced systolic function in vivo, the male OHM demonstrated diminished function during baseline measurements in the isolated, perfused hearts. A possible explanation for this finding is that an enhanced adrenergic drive existed in vivo or some other neurohumoral factors were present in the intact animal. As mentioned above, this could account for the increased systolic function measured by echocardiography. Upon removal of the heart for the Langerdorff preparation, these in vivo influences would have been removed, resulting in decreased function in the isolated heart at baseline.
An alternative explanation may be that the hearts from the male OHM have an enhanced susceptibility to the brief ischemia-reperfusion insult that occurred when establishing the perfused heart. As described in the 'Methods' section, the time interval from heart removal from the animals to coronary reperfusion with oxygenated media was always less then 60 s and the hearts were maintained in ice-cold saline during identification and dissection of the ascending aorta. To our knowledge, differences in baseline function of isolated perfused hearts are not typically observed between study groups.
However, it is interesting to note that while both groups of control animals and female OHM hearts demonstrated significant declines in function following the 30-min ischemic insult, the male OHM did not. The preservation of function following global ischemia in the male OHM indicates that some mechanism of cardioprotection existed in these animals. This finding may suggest some degree of preconditioning developed in the adult OHM hearts during the brief ischemia-reperfusion period during the establishment of coronary perfusion. Alternatively, some inherent metabolic or structural protein alterations may exist in male OHM hearts that result in their resistance to an ischemic insult, similar to what is found in neonatal hearts [18] .
While the mechanisms that may lead to increased susceptibility to a brief ischemia-reperfusion insult in the adult male OHM are unknown, they may be related to greater oxidative stress or sensitivity to oxidative stress. Previous studies utilizing the STZ rat model of gestational diabetes have shown that maternal and fetal blood levels of 8-isoprostaglandin F 2alpha , a sensitive marker for lipid peroxidation, are significantly increased above control levels [19] . Enhanced susceptibility to oxidative stress in adult offspring programmed by exposure to an adverse intrauterine environment has been demonstrated using a maternal low-protein diet method of intrauterine stress [20, 21] . Elmes et al. [20] found impaired recovery of left ventricular developed pressure after an ischemia-reperfusion injury. Pretreatment of the adult rats with N-acetylcysteine improved recovery following the ischemic injury [21] . N-acetylcysteine enhances the antioxidant capacity of the heart by increasing glutathione production, which is then available to react with, and detoxify, endogenously produced hydrogen peroxide. Thus, improvement of cardiac function with supplemental N-acetylcysteine suggested that enhancing the intrinsic antioxidant status of the cardiac tissues could attenuate the greater ischemia-reperfusion injury in the programmed hearts [21] .
Abnormal systolic and diastolic cardiac function were seen only in the male OHM. The gender differences found in this study were not unexpected and have been observed in other models of developmental programming [22] [23] [24] . In the majority of cases of gender susceptibility following exposure to an adverse intrauterine environment, male offspring are found to be more affected by the adverse fetal environment than female offspring. This has been found in animal models of maternal dietary restrictions, steroid exposure and hypoxia [25] . While it has been speculated that these differences are due to estrogen or testosterone exposure, no studies to date have specifically defined the basis of the gender differences found in developmental programming models. Unfortunately, in most studies of human offspring of di- abetic mothers, cardiac findings are generally not divided by gender. Gender differences are critical to consider as further investigation into the developmental origins of disease occurs. Patient surveillance and treatment may require gender-based considerations if these findings are replicated in human studies. An important limitation when comparing the results using the late-gestation hyperglycemia model described in this study with human studies of gestational diabetes is that STZ-induced hyperglycemia is due to maternal insulin deficiency rather than maternal insulin insensitivity. There is a wealth of human literature comparing the outcomes of pregnancies from type 1, type 2 and gestational diabetic mothers (see review by Weindling [26] ). Despite varying states of maternal insulinemia with the differing types of diabetes, it appears that the level of glucose control determines the impact on the neonate. As long as maternal glucose control is similar, the perinatal outcomes are very comparable in these three conditions, including similar rates of macrosomia, hyperglycemia and need for intensive care. However, the developmental programming effects of maternal hyperglycemia on cardiovascular function have not been extensively studied in humans in the various states of maternal insulinemia and further studies are needed.
Data are beginning to demonstrate that children of diabetic mothers are at higher risk for adverse cardiovascular events later in life, although the number of studies is limited [27] [28] [29] . The extent to which maternal hyperglycemia produces an adverse intrauterine environment that can program adult disease is not known, although it is clear that such a link exists [3, 30] . To our knowledge, this is the first study to indicate that myocardial dysfunction occurs in vivo in the adult OHM. Given the rapidly increasing prevalence of type 2 diabetes during the childbearing years [31] , it is anticipated that the number of adults exposed to hyperglycemia in utero will continue to increase, making the identification and characterization of long-term cardiovascular complications a priority.
